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Abstract 
CO2 flooding is the most popular recovery for oil production. It is significant to study the mechanism of the 
multiphase flow in porous media. In this study, experimental studies are carried out by using MRI technique to 
examine the detailed effects of miscibility and forces on CO2/n-decane flow in the porous medium and narrow 
channel. The displacing processes are conducted at various pressures and temperatures. The revolution of the 
distribution of decane and the characteristic of the two phase flow are investigated and analyzed. Difference between 
the two series tests was specified. Matrix has a great effect on the two phase flow. These experimental results give the 
fundamental understanding of tertiary recovery processes. 
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1. Introduction 
CO2 miscible displacement is one of the most effective methods of enhanced oil recovery. The 
mechanisms of miscibility are significant for the understanding on miscible displacement in porous media. 
[1] Interest in EOR has grown for growing energy demand. Miscible displacement is one of the major ways 
for oil recovery. 
CO2 has lower viscosity and density than the typical model oils and crude oils, which suggests that the 
displacement is potentially unstable and leads to a variety of flow patterns such as viscous fingering and 
gravity over-run that can substantially limit the recovery efficiency. Therefore, oil recovery generated 
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from “black box” is not enough for the study. Further study on the characteristic of two phase flow in 
porous media essentially depends on advanced measures. Magnetic Resonance Imaging (MRI) technique, 
as an effective noninvasive analytic tool to image fluid saturation distributions in situ and to investigate 
oil recovery mechanisms in situ, [2] is used widely to visualize two phase flow and transport in narrow 
channels and porous media in the last two decades. [3-7] Zhao et al. [3] have reported the application of MRI 
to visualize and measure the CO2 flooding in a bead-pack core and has specified the process of CO2 
displacing n-decane in the core. In this study, we focus on the quantitative analysis of the phases 
properties in the miscible region of supercritical CO2 and n-decane and investigate the mechanism of 
miscible displacement by using a 400MHz MRI system. 
The objective of this paper is to present the characteristic of the CO2/decane two-phase displacement 
processes at miscible condition. Two series of CO2 flooding tests are conducted upward vertically in a 
glass bead-pack porous media and a narrow channel made of Teflon, respectively. MRI is used to 
visualize the concentration field and to obtain quantitative information on recovery. The saturation of CO2 
and decane can be obtained by processing the MR images with the image intensity analysis methods. 
2. Experimental Section 
The materials, apparatus and procedures for the measurements have been described in detail by Zhao 
et al. [3]. The only change in materials employed in the present study involved the diameter of glass beads 
(BZ01 with a grain size distribution ranging from 0.105-0.125 mm). The schematic diagram of the 
apparatus used in this study is shown in Fig. 1. It consists of a high-resolution MRI system (Varian 
400MHz NMR spectrometer with imaging kits), a high pressure vessel, a thermostat, a vacuum pump and 
two syringe pumps (Teledyne Isco, 260D, Lincoln, USA). The magnetic field strength (B0) of the MRI 
was 9.4 Tesla. 
The high pressure vessel has been described in detail in the previous work. [3] The high-pressure 
polyimide tube in the vessel had an inner diameter of 15mm and a length of 200mm. Polyimide and 
Teflon (mentioned below) were chosen due to their nonmagnetic and hence would not influence the 
magnetic signal in the experiments. The soda glass bead (BZ01) used in these tests was made in Japan. 
They had a grain size distribution ranging from 0.105-0.125mm and were employed to pack the high-
pressure polyimide tube. The porosity of the bead-pack core was 35.4% and the absolute permeability to 
water was 11.2Darcy. Images of the flow in the bead-pack porous media was taken with a spin-echo 
sequence (SES) (TR=2000s, TE=1.3ms). The field of view was selected to be 40mm × 40mm and the 
slice thickness was 16mm to ensure whole core information picked-up. The image matrix was 96 × 96 
pixels with a comparative resolution of about 0.42h0.42mm2/pixel. 
At the beginning of the first series tests, the bead-pack core was saturated with n-decane. Then 
supercritical CO2 is forced into the 15mm-diameter core at a rate of 0.1ml/min, at a series of pressure 
(8.0MPa, 8.5MPa and 9.0MPa) and 37.8  to ensure that the process is a miscibility displacement. [8] At 
the mean time, the MR images are taken every 192 seconds. The flow rate and back pressure were 
controlled by the syringe pump (Teledyne Isco, 260D, Lincoln, USA) and a back pressure regulator 
(model BP-2080-M, JASCO). The temperature of the tube was maintained constant and uniform using the 
thermostat with Fluorenert® which was made of fluorocarbon.  
Second series, CO2 flooding tests in a narrow channel with diameter of 2mm, were also conducted 
using MRI. A Teflon cylinder with the length of 80mm and the diameter of 15mm were used to make into 
a narrow channel with inner diameter of 2mm. As the velocity of the flow in the narrow channel was 
faster than in the bead-pack porous media, imaging was done with a fast spin-echo sequence (FSES) 
repeated every 32 seconds (repetition time (TR) =1000ms, effective echo time (TE) = 10ms) to capture 
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the true distribution of the fluids in real time. The field of view and the image matrix were the same as 
SES but the thickness was 1mm. 
 
 
 
Fig. 1 Schematic diagram of the experimental apparatus. 
3. Results and discussion 
3.1.  Evaluation of the saturation and displacement efficiency 
Assuming that n-decane saturation was 100% at the beginning of the displacement, n-decane saturation 
profile during the displacement process can be estimated as follows, 
So=I/I0h100%                                                                                                                                (1) 
where So is the n-decane saturation, I0 is the MRI image intensity at the initial time and I is the 
intensity at each time point during the displacement process.  
Displacement efficiency of CO2 flooding can be estimated with the following equation, 
E=(1 – Sr) h100%                                                                                                                          (2) 
where E is the displacement efficiency, Sr is the residual n-decane saturation at the time concerned. 
3.2. CO2 flooding in the bead-pack core 
The phenomenon of the miscible regions and CO2 front can be obviously observed as shown in Fig. 2. 
The viscous fingering caused by the low viscosity and density of CO2 was restrained effectively. The 
irregular miscible region was due to the heterogeneity of the glass beads packed in the core. Pistonlike 
displacement was observed obviously. The final residual oil saturation was 10.1%, 4.5% and 3.6% at 
8.0MPa, 8.5MPa and 9.0MPa respectively, indicating that CO2 miscible displacement can recover most 
decane in the bead-pack core. The porosity of this model core was 0.35. Thus, the theoretical CO2 
volumetric velocity in the core should be 0.162cm/min without taking account of miscibility. While the 
average frontal velocity of the two phases in the miscible region was evaluated as 0.044cm/min through 
the analysis of the decane saturation profile, approximate one fourth of the injected rate. The value of the 
velocity ratio (0.37) evidently demonstrates that most CO2 dissolved into n-decane as miscible 
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displacement is performed, which indicates the condensing gas drive mechanism dominates the process of 
CO2 miscible displacement when the displaced oil is n-decane. 
According to the signal intensity images (Fig. 2), Evolution of oil saturation can be obtained (seen in 
Fig. 3). It takes longer time for saturation decreasing from 1 to 0.9 at larger pressure, which indicates that 
the pistonlike transition area diminishes as pressure increases. Distribution change of one dimension oil 
saturation along the axis with time at 8.0MPa, 0.1 ml/min in the porous media is shown in Fig. 4. 
Evolution of the average saturation along the axis also provides the change of the transition zone area 
with time in the FOV. 
The displacement results from the interaction of equilibrium phase behavior and flow of the two 
phases, which is also the reason that the miscible region forms. The capillary dispersion rate, viscous-
dominant fractional flow function and gravity countercurrent flow function at 8.5MPa and 40  could be 
evaluated directly by applied a special core analysis method with in situ decane saturation data [9]. The 
calculations signified the effect of the viscosity, capillary and gravity forces on CO2 miscible 
displacement. 
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Fig. 2 Distribution of the signal intensity at 8.0MPa, 0.1 ml/min in the porous media. 
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Fig. 3 Evolution of the oil saturation profiles in the porous media at 8.0MPa, 8.5MPa and 9.0MPa. 
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Fig. 4 One dimensional oil Saturation along the axis at 8.0MPa. 
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Fig. 5 Distribution of the signal intensity at 8.0MPa, 0.1 ml/min in the narrow channel with diameter of 2mm. 
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Fig. 6 Evolution of the oil saturation profiles in the narrow channel at the rate of 0.1ml/min and 8.0MPa. 
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3.3. CO2 flooding in the narrow channel 
Distribution of the signal intensity at 8.0MPa, 0.1 ml/min in the narrow channel with diameter of 2mm 
is shown in Fig. 5. The signal intensity decreases as following two stages. The first stage started from the 
very beginning of the injection and ended with the emerging of the pistonlike interface at about 27.2min. 
Then the second stage followed with the entrance of the two-phase interface and ended with the CO2 
breakthrough at about 37.9min. The two stages can also be seen obviously in Fig. 6, which shows the 
evolution of the oil saturation profiles in the narrow channel. The decline curve of the saturation versus 
time at the two stages is fitting as two linear relationships with fine correlation coefficients. 
Two stages existed in the two phase flow in the narrow channel are quite significant from that in 
porous media. This phenomenon generates most probably because of little dispersion between the two 
phases in the porous media due to the block of the matrix, while nothing reduces the dispersion between 
the two phases in the narrow channel. Porous media has a great effect on the migration of two phase flow. 
4.  Conclusions 
In conclusion, MRI technique was used to investigate the mechanism of CO2 miscible displacement 
and the effect of porous media on CO2 and decane in the miscible region. The saturation of CO2 and 
decane can be obtained by processing the MR images with the image intensity analysis methods. A 
special CO2 frontal was observed during CO2 miscible displacement, which presenting the interaction 
between CO2 and decane in porous media. Two displacement stages were observed in the narrow channel. 
The curve of saturation is fitted into two linear relations with different slopes. Considering the 
displacement in the narrow channel as a contrast, mechanism of the two phase flow in porous media was 
substantially specified. 
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